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Abstract Spectrin is a vital and abundant protein of the
cytoskeleton. It has an elongated structure that is made by a
chain of so-called spectrin repeats. Each repeat contains three
antiparallel K-helices that form a coiled-coil structure. Spectrin
forms an oligomeric structure that is able to cross-link actin
filaments. In red cells, the spectrin/actin meshwork underlying
cell membrane is thought to be responsible for special elastic
properties of the cell. In order to determine mechanical unfolding
properties of the spectrin repeat, we have used single molecule
force spectroscopy to study the states of unfolding of an
engineered polymeric protein consisting of identical spectrin
domains. We demonstrate that the unfolding of spectrin domains
can occur in a stepwise fashion during stretching. The force^
extension patterns exhibit features that are compatible with the
existence of at least one intermediate between the folded and the
completely unfolded conformation. Only those polypeptides that
still contain multiple intact repeats display intermediates,
indicating a stabilisation effect. Precise force spectroscopy
measurements on single molecules using engineered protein
constructs reveal states and transitions during the mechanical
unfolding of spectrin. Single molecule force spectroscopy appears
to open a new window for the analysis of transition probabilities
between different conformational states. ß 2000 Federation of
European Biochemical Societies. Published by Elsevier Science
B.V. All rights reserved.
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1. Introduction
The modular structure of proteins in natural ¢bres and the
cytoskeleton seems to be a general strategy for resistance
against mechanical stress [1]. One of the most abundant mod-
ular proteins in the cytoskeleton is spectrin. In erythrocytes,
spectrin molecules are part of a two-dimensional network that
is assumed to provide the red blood cells with special elastic
features [2]. The basic constituent of spectrin subunits is the
repeat which has about 106 amino acids and is made of three
antiparallel K-helices, folded into a left-handed coiled-coil [3].
The repeats are connected by a helical linker [4,5].
The mechanical properties of several modular proteins have
already been investigated by atomic force microscopy (AFM)
[6], especially titin [7]. Such experiments have demonstrated
that the elongation events observed during stretching of single
proteins may be attributed to the unfolding of individual do-
mains; experiments with optical tweezers have corroborated
these results [8,9]. These studies suggest that single domains
unfold one at a time in an all-or-none fashion when subjected
to directional mechanical stress. More recently, Oesterhelt et
al. [10] have shown that individual bacteriorhodopsins can
unfold in a stepwise manner.
In a typical experiment, single proteins are attached to
properly prepared surfaces and subsequently captured on
AFM tips. They can be stretched to more than 10 times their
folded lengths, reaching almost the total contour length (Fig.
1). The force^extension curves show a characteristic sawtooth-
like pattern. The reaction coordinate of unfolding is imposed
by the direction of pulling, and unfolding events occurring in
a single protein can be studied in this way. Each peak is
attributed to the breakage of a folded structure.
Rief et al. [11] have shown that under mechanical stress the
repeats of the native spectrin break as well de¢ned units. As
these repeats are homologous but not identical, we have en-
gineered a polymeric molecule consisting of four identical re-
peats referred to as (R16)4 in the following, in order to get a
better understanding of the mechanical properties of the spec-
trin repeat. The unfolding features in the motif should thus be
multiplied and could be compared within the frame of one
repeat [12,13]. The polymeric protein was constructed from
the repeat R16 of the K-spectrin chain since the structure
had already been determined by nuclear magnetic resonance
spectroscopy [3]. The essential features of its structure are
con¢rmed by the recent crystallographic study [5].
We used AFM to unfold the polymeric protein consisting of
identical domains. We shall demonstrate that the unfolding of
a single spectrin repeat can occur in a stepwise fashion during
stretching.
2. Materials and methods
2.1. Construction of polymeric R16
A modi¢ed R16 repeat was produced by PCR using the pET R16
plasmid [14] as template. The 5P primer sequence, CCGGATCC-
TCCATGGAAATGAGCGCTGCCCGCGCGAAGCTCAACGAG-
TCG, contains a BamHI and a BspHI site, the initiation codon as well
as an N-terminal ¢ve-residue extension of the original R16 sequence.
The 3P primer, GGGCGGCCGCTTATTAGCAACAGGTCATGA-
TGTACTCCAGGGACTCCTCCAGACGTTGCCCCCGAGC, con-
tains NcoI and NotI sites as well as two stop codons. The 3P primer
adds an eight-residue extension to the R16 repeat as well as two
cysteine residues to the end of the expressed protein products. The
gene sequence is extended at both ends so that the polymeric protein
product contains a 13-residue linker between the consecutive R16
units, and has two cysteine residues at the C-terminus. The PCR
product was cut with BamHI and NotI, ligated into a pBluescript
SK plasmid and ampli¢ed in DH-5K cells. The modi¢ed R16 sequence
was cut from the vector with NcoI and NotI, and ligated in frame into
the NcoI restriction site of a domestic pET24d derivative that confers
a six-residue histidine tag and a TEV protease site to the N-terminus
of the protein. This vector was cut with two di¡erent combinations of
restriction enzymes, BspHI/XbaI and NcoI/NotI, respectively. After
puri¢cation, the fragments containing the R16 sequences were joined
by ligation at the BspHI and NcoI sites, and simultaneously ligated
into a pET24d vector which was opened with XbaI and NotI, and
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dephosphorylated with shrimp alkaline phosphatase. After transfor-
mation, DH-5K cells containing the two-repeat construct were identi-
¢ed by PCR analysis of the bacterial colonies. The four-repeat con-
struct (R16)4 was subsequently made by iterating the same procedure.
2.2. Protein expression and puri¢cation
For expression, 0.1 Wg of plasmid DNA was used to transform
competent BL-21 cells. After growth at 37‡C to A600 = 0.7, the cells
were equilibrated at 30‡C before isopropyl-1-thio-L-D-thiogalactopyr-
anoside was added to a ¢nal concentration of 0.4 mM. After induc-
tion for 8 h, the cells were harvested by centrifugation. The cells were
suspended in lysis bu¡er containing 50 mM Tris^HCl, pH 8.0, 30 mM
imidazole, 200 mM NaCl, 0.2% NP-40, 0.15 mM phenylmethylsul-
fonyl £uoride and 0.1 mM 4-(2-aminoethyl)-benzolsulfonyl £uoride,
and lysed by sonication. The lysate, 40 ml from a 500 ml cell culture,
was mixed with 1.5 ml Ni-NTA resin and kept 10 min on ice. The Ni-
NTA/lysate suspension was ¢ltered through a 10 ml Bio-Rad polyprep
column. The ¢ltrate was reloaded on the column, and the resin was
¢rst washed with the lysis bu¡er, then with the lysis bu¡er without
detergent containing 1 M NaCl, and with 30 mM imidazole. The
bound protein was eluted in 1 ml 200 mM imidazole. The four-repeat
construct was almost quantitatively recovered in a soluble state after
expression at 30‡C.
2.3. AFM
The experiments were performed with an AFM developed at
EMBL working in the so-called force spectroscopy mode [15]. The
cantilevers (model MLCT-AUHW, Park Scienti¢c, Sunnyvale, CA,
USA) were calibrated by using the equirepartition theorem as de-
scribed by e.g. Florin et al. [16]. The proteins were kept in bu¡er
50 mM Tris^HCl pH 8.0, 50 mM NaCl. A drop of 40 Wl of protein
solution (100 Wg/ml) was deposited on freshly sputtered gold surfaces
as proteins have cysteine residues at the C-terminus to bind covalently
to gold. The proteins were allowed to adsorb for 10 min before the
sample was rinsed with bu¡er and brought into the £uid experimental
chamber of the AFM. The single proteins were picked up at random
by approaching the sample towards the tip while monitoring the de-
£ection amplitude. After contact with the surface was established, the
maximum normal forces during the spectroscopy cycles were kept as
low as possible. Approach/retraction cycles of the sample with respect
to the AFM tip were used to probe the force^extension curves of
single molecules of spectrin. We used pulling speeds between 0.3
and 15 nm/ms. The AFM controls distance with 0.1 nm accuracy
and the applied force with pN precision.
3. Results and discussion
3.1. Single molecule force spectroscopy on (R16)4
We used recombinant DNA techniques to construct tandem
repeats from a single spectrin domain (see Section 2). The
method extends the monomer (R16) at both ends so that
the polymeric protein product contains a 13-residue linker
between the consecutive R16 units and has two cysteine res-
idues at the C-terminal end.
In Fig. 2, an SDS^PAGE analysis of the mono-, di- and
tetrameric R16 repeats is shown together with the repeat 13^
18 section from the chicken brain K-spectrin chain. The ap-
parent molecular weight of the four-repeat construct (R16)4 is
64 kDa. Due to the extensions in the connecting regions and
at the N- and C-terminal ends, the total molecular size is in
the same range as that of the native hexameric spectrin repeat
13^18 that was studied by Rief et al. [11].
The force^extension relationships for (R16)4 were measured
using an AFM developed at EMBL (Section 2). The proteins
formed covalent bonds with the gold surfaces through cysteine
residues which were introduced at the C-terminal end. The
protein-coated surfaces were then carefully brought into con-
tact with the tip and single proteins were picked up by un-
speci¢c binding. By retracting the sample holder away from
the AFM tip, single proteins could be completely extended.
Force^extension curves present the sawtooth-like pattern typ-
ical for modular proteins (Fig. 3). Each peak is interpreted as
an unfolding event. The loss of each folded structure in the
spectrin chain allows a gain of length for the unfolded part of
the chain. After each peak, the force drops as a new length of
the polypeptide chain is gained but has not yet been extended.
The protein is then stretched further until the force is su⁄-
cient for another part of the folded structure to unfold. The
maximum extension is variable as the polymer is picked up at
random positions and not necessarily at its end.
The force^extension curves can be well described by a
worm-like chain model (WLC) [17]. It predicts the isothermal
restoring force of a £exible polymer, acting as an entropic
spring during extension. Fits of the force^extension curves
to the WLC model [18] resulted in a persistence length of
Fig. 1. AFM force measurements. Experimental scheme for protein
‘¢shing’.
Fig. 2. An SDS^PAGE analysis of the spectrin R16 polymeric prod-
ucts. Lane 1: Bio-Rad LMW markers. Lane 2: monomeric R16
spectrin repeat. Lane 3: dimeric R16 spectrin. Lane 4: tetrameric
R16 spectrin. Lane 5: the repeats 13^18 from the K-spectrin chain.
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p = 0.59 þ 0.22 nm (n = 20). Two consecutive force peaks are
spaced by a distance that re£ects the gain of length produced
by a single unfolding event. These distances were measured
for 250 unfolding events.
A histogram of distances (Fig. 4a) reveals a length distribu-
tion with two major peaks, at 15.5 nm ( þ 3.5 nm) and 31 nm
( þ 7 nm) when ¢tted with a mixture of two Gaussians. The
force distributions associated with the short and long elonga-
tion events are also clearly distinct (Fig. 4b,c). The mean force
for the short and long elongation events are 60 and 80 pN,
respectively, at a pulling speed of 3 nm/ms.
General features of the unfolding events are provided by a
detailed statistical analysis of the whole set of measurements:
1. The short unfolding events are most likely for a short ex-
tension, i.e. at the ¢rst stage of pulling (80% below 35 nm,
n = 87) of the protein whereas the long unfolding events are
observed at longer extension (50% above 35 nm, n = 94).
2. When two short unfolding events occur, they are consec-
utive in 90% of the cases.
We measured the same unfolding patterns for di¡erent
speeds (0.3, 0.75 and 1.5 nm/ms). The mean unfolding force
was decreased by approximately 20% when the pulling speed
was reduced by a factor of 10 (see insets in Fig. 4b,c). The
strength of the bonds that stabilise protein structures can
depend on the speed of retraction as it has been shown for
the biotin/streptavidin system [19].
3.2. Reversibility of unfolding
After reaching the extended state and before rupturing the
bond between the protein and the tip, the protein was relaxed
to its initial length (Fig. 5). After waiting for 5 s, the protein
was stretched again and four force peaks were observed. This
suggests that the four domains spontaneously refold during
Fig. 3. Unfolding traces of a spectrin construct made of four identi-
cal tandem domains (R16)4. The ¢ve upper curves were recorded at
a pulling speed of 0.3 nm/ms and the two last at 3 nm/ms. The
WLC model ¢ts to the left-hand slopes of the unfolding patterns
with a persistence length of p = 0.59 þ 0.22 nm (see last curve). As
the proteins are picked up at random, the maximum extension
varies from one curve to the other but never exceeds the total con-
tour length of the protein.
Fig. 4. Elongation events and unfolding forces of the spectrin con-
struct (R16)4. (a) Histogram probability of elongation after an un-
folding event (n = 250). The line corresponds to a ¢t by a normal-
ised function, the sum of two Gauss functions. The Gauss functions
are centred on 15.5 nm and 31 nm. Unfolding force probability his-
togram and force^speed dependence for short elongation events (b)
and long elongation events (c).
Fig. 5. Cycles of unfolding^refolding of a single molecule of spectrin
(see text).
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relaxation. If the relaxation time is decreased to 1 s, the num-
ber of refolded domains is decreased in each cycle. This dem-
onstrates that refolding occurs on a time scale of seconds and
is therefore signi¢cantly slower than the unfolding rate.
3.3. Comparison with the native spectrin repeats
We have carried out equivalent measurements with another
construct made of six homologous but non-identical repeats
(the repeats 13^18 from chicken brain K-spectrin, see also
[11]). Our measurements result in a similar distribution of
elongation events; the most probable events occur at 15 and
26 nm (Fig. 6). The mean unfolding force is 55 pN for both
the short and long elongation events with a pulling speed of
0.3 nm/ms. The long elongation event is in agreement with the
results reported by Rief et al. [11]. However, because we were
able to collect much more data than Rief et al., we could
clearly observe short elongation events in our measurements
both on (R16)4 as well as R13^R18 when plotting their elon-
gation length distributions.
3.4. Intermediates
The origin of the two distinct elongation events observed
can have several causes. One can argue that short elongations
are due to multiple-molecule pick-up. We showed that short
elongations correspond to low forces and long elongations to
large forces. Multiple pick-ups could indeed lead to shorter
elongations but this would automatically have to go along
with higher forces than for the long elongations which ¢t
the unfolding length of a single repeat very well. We carefully
excluded the possibility of multiple pick-ups by discarding any
force curves displaying an o¡-set in the force indicating multi-
ple parallel springs, i.e. multiple-molecule pick-up, from our
analysis.
The second possible cause of a ‘premature’ unfolding of the
R16 motif could be due to destabilising long range surface
forces. These would have to reach further than 10 nm from
the surface, as we observed partial unfolding at a distance out
to more than 50 nm.
This is not the case. We recorded force spectra of levers in
water and phosphate-bu¡ered saline at distances between
5 and 30 nm from the surface clearly showing that the electro-
static forces can be completely ignored at a few nanometers
from the surface [20].
A third possibility could be that the proteins denature at
least partially on the surface. This would, in addition to the
cysteine^gold bond, increase the binding forces. It would also
preclude the observation of a total of more than three repeats
unfolding partially or fully in one trace. In several measure-
ments where partial unfolding occurred, the unfolding lengths
sum to more than these three repeats. If the protein was only
partially denatured, it seems very unlikely that reversibility, as
we observed it, would be possible. Refolding of the rest of
such a partially denatured domain seems very unlikely. Also
the rest of the domain can be expected to be distorted greatly
and increasingly by the recurrence of the surface forces in£u-
ence which led to the partial denaturing.
These reasons make multiple pick-ups and at least direct
surface e¡ects quite unlikely, and we believe that the existence
of the di¡erent elongation events is due to at least one stable
intermediate between the folded state and completely un-
folded state during forced unfolding.
Thermodynamic studies have not yet documented such an
intermediate : £uorescence spectroscopy and circular dichro-
ism measurements have shown that single spectrin repeats
undergo a reversible two-state transition [21,22]. Statistical
analysis of the force curves shows that well de¢ned short
elongation events of 15.5 nm take place. The 15.5 nm elonga-
tion is half of that produced by the total unfolding of one
domain. It may thus correspond either to the gain of length
between a folded and unfolded domain or to the gain of
length between a partially and completely unfolded domain.
The variation in our length distributions is large but compa-
rable with data of Yang et al. [23]. This broadness is partly
attributed to the fact that we chose to measure the distance
between peaks rather than the gain of contour lengths be-
tween consecutive peaks which are obtained by multiple-pa-
rameter ¢ts [23]. Moreover, spectrin unfolds at very low
forces, and therefore unavoidably any distribution is broad-
ened in comparison to the unfolding of titin for instance. It
could also be a consequence that several possible intermedi-
ates contribute to the distributions.
We assume that, as two short elongation events are con-
secutive in most cases, the unfolding of one domain results
from at least two transitions, each producing on average a
similar elongation. An intriguing observation is then that
the rest of the partially unfolded domain is stable on a time
scale of 1/10 of a second as the pulling speed is in the nm/ms
range. This is an unexpected result and needs more in-depth
study.
A molecular dynamics simulation [24] has recently sug-
gested that protein domains such as the ¢bronectin-type 3
module can unfold in a stepwise fashion. In this case, unfold-
ing follows a pathway in which a ‘L-sandwich’ ¢rst separates
from the fold, and the individual L-sheets unfold secondly.
The molecular pathway of unfolding is unknown for the spec-
trin domain, but it may well involve a partial opening of the
bundle and/or the loss of the secondary structure at the ends
of the helices which may be elongated before the helical bun-
dle ¢nally opens.
The di¡erent unfolding events are not only distinct in elon-
Fig. 6. Elongation events and unfolding forces of the natural hex-
americ 13^18 spectrin repeat (from chicken brain K-spectrin). (a)
Histogram probability of elongation after an unfolding event
(n = 125). The line corresponds to a ¢t by a normalised function,
the sum of two Gauss functions. The Gauss functions are centred
on 15 nm and 26 nm. Unfolding force probability histogram and
for short elongation events (b) and long elongation events (c) at a
pulling speed of 0.3 nm/ms.
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gation lengths but also in the unfolding forces. The mean
unfolding force for short elongation events is 60 pN whereas
the force associated to long elongation events is 80 pN (at a
pulling speed of 3 nm/ms). This shows that the transition from
a native folded conformation to an intermediate is mechan-
ically di¡erent from the transition from a totally folded con-
formation to a completely unfolded conformation.
The feature that the unfolding of the domains depends on
the extension of the chain is also interesting by itself. At
short extensions of the polypeptide chain, short unfolding
events are more likely than long ones. This behaviour suggests
that the selection of the unfolding pathway may be in£uenced
by changes in the mechanical properties during the extension
of polypeptide chain. Relaxation processes following the
breakage of folded structures possibly govern the access to
intermediates. This may indicate as well that the unfolding
of tandem repeats in spectrin chains is not completely inde-
pendent [25]. The tandem spectrin repeats are not classical
independent structural domains, and have stabilising inter-
actions. A folded repeat may have a di¡erent stability depend-
ing on whether its neighbouring repeats are folded or un-
folded. As suggested by our measurements, a folded repeat
unfolds more likely by steps when its neighbouring repeats
are folded (at small extension of the chain) than when they
are unfolded (at large extension). The observed intermediates
are conformational states which are stable from milliseconds
to seconds, i.e. on time scales accessible in AFM measure-
ments.
Although the molecular complexity of unfolding pathways
can be very high, our AFM measurements demonstrate that
force spectroscopy of single properly engineered proteins can
give important clues on thermally averaged energy landscapes
relevant on laboratory time scales. In the future, we expect an
increasing contribution by force spectroscopy measurements
to the understanding of protein folding as proteins will be
engineered in order to systematically perturb the unfolding
pathways imposed by the real space directionality in such
measurements.
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